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Temporary Concrete Traffic Barriers (TCTBs) are essential in order to protect the 
traveling public and highway construction crews from accidents due to driver misfortune 
or negligence. In order for TCTBs to be installed, however, they must be successfully 
crash tested. Barrier height and drainage open space are key characteristics that influence 
this crash test rating. This is because an increase in height will insure that a vehicle will 
not overtop the barrier and a decrease in drainage open space will result in greater barrier 
mass, which will in turn resist larger impact forces. The factors that increase the crash 
worthiness of a barrier, however, lead to poor hydraulic performance. This then becomes 
a concern if barriers are placed in areas where they may adversely impact the local 
floodplain elevation. The objective of this research is the development of a hydraulic 
rating curve that describes the relationship between upstream energy head and the flow 
rate passing the barrier. To accomplish this objective, a three parameter model with three 
unknown coefficient terms was utilized. The model was then fit to experimentally 
obtained data, and a rating curve was developed. In addition, the effects of downstream 
submergence and clogging of the drainage opening, with respect to the rating curve, was 
also analyzed. Finally, a method for using this information in the hydraulic modeling 
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1.1 PROBLEM DESCRIPTION 
Temporary Concrete Traffic Barriers (TCTBs) are essential in order to protect the 
traveling public and highway construction crews. They are rigid barricades that help 
prevent accidents due to driver misfortune or negligence. However, for these barriers to 
maximize crash safety, some properties such as hydraulic capacity become diminished. 
This is because larger drain openings that would increase the hydraulic capacity result in 
a decrease in the barrier weight and/or a higher center of gravity, which increases the 
barrier’s susceptibility to overturning when impacted. However, smaller openings can 
result a higher water elevation upstream of the barrier, which in turn can increase the 
local floodplain elevation. It is therefore paramount that the balance between barrier 
stability and hydraulic performance be optimized. The hydraulic performance of four 
barriers is the focus of this report. In particular, this research focuses on development of a 
hydraulic rating curve that models the relationship between flow and upstream energy 
and how downstream submergence and clogging will affect this relationship. Finally, 
with this information, a method was developed by which a more precise evaluation of the 







The objectives of this research are as follows:  
 
1) Develop rating curves for four standard type TCTBs.  
2) Model the effect that downstream submergence will have on the rating 
curves. 
3) Evaluate the effect of clogging. 
4) Develop a procedure by which barrier placement can be modeled in the 
hydraulic modeling software HEC-RAS.  
 
In order to accomplish the first objective, a three parameter model developed by 
Charbeneau et al. (2008) was utilized. To accomplish the second task two models were 
used. The first, by Villemonte (1947), was developed in order to describe the effects that 
downstream submergence will have on a weir, but has proven to model barriers with 
small drainage openings quite well. Also, a model developed by Charbeneau et al. (2008) 
will be employed by which the Villemonte model was adapted to account for larger 
drainage openings. For the third task, a procedure was developed during this research by 
which a model barrier was fitted with a device that allowed for testing the barrier with 
different amounts of clogging. Finally, for objective four, two example problems in HEC-
RAS were used to demonstrate the effects of barrier placement on the local floodplain 
elevation. These methods differ from previous modeling alternatives which included 






2.1 INTRODUCTION  
The foundation for this study is based on several key principles from fluid 
mechanics. This section will review principles including the energy equation, specific 
energy/critical flow, and the equations for flow over a weir and through an orifice, in 
order to provide a starting point for explaining the models that were developed in this 
research.  
 
2.2 GENERAL ENERGY EQUATION 
In order to understand how phenomenon in the environment work, a study of the 
energy in a system is generally conducted. This is because the law of conservation of 
energy allows for the development of equations that can predict future outcomes based on 
changes in energy states. One such relationship is the General Energy Equation for open 
channel flow (Equation 2.1). This equation is an adaptation of Bernoulli’s Equation that 
accounts for a non-uniform flow distribution (α) and energy lost to heat (hL), due to 
friction, between locations 1 and 2. Other key terms in the equation are as follows: z 
(vertical distance from constant datum), h (liquid depth), v (velocity), and g (gravitational 
constant), where the subscript denotes locations 1 and 2.  
 z    (2.1) 
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However, several simplifying assumptions can be made that greatly reduce the 
complexity of this equation. The following simplifications to Equation 2.1 were 
presented by Klenzendorf, 2007. First of all, z1 and z2 can be omitted, because the slope 
in the test channel is approximately zero, which makes these terms equal. Also, if a 
uniform flow distribution is assumed, due to a negligible effect by the channel walls and 
bottom, α can also be omitted because it would approximately equal a value of 1. The 
result of these assumptions is then given by Equation 2.2, given below, in which E is the 
specific energy.  
      (2.2) 
Next, it is then possible using the volumetric flow rate equation, Q=Av, to solve 
for the velocity term. In this equation Q (volumetric flow rate) is equal to the v (velocity) 
of the liquid times the A (area) that the water is flowing through. Since the geometry of 
the channel is known and the height and flow of the water are being measured, it is then 
possible to calculate the energy. Equation 2.3, located below, shows this result, where E 
(energy) is related to the h (liquid depth) and Q (volumetric flow rate).  
          (2.3)  
Lastly, one more change is necessary, which allows for the calculation of flow on 
a per linear foot basis. This step allows an easy calculation to be performed for 
determining the flow rate that is associated with varying lengths of barrier. The variable q 
(unit flow rate) is then defined as Q (volumetric flow rate) divided by b (channel width), 
or q=Q/b.  Substituting this change into Equation 2.3, then results in Equation 2.4 listed 
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below, which is the form of the energy equation used for this research, where some 
further simplification has also been accomplished given that A (area) equals b (channel 
width) times h (liquid depth).  
         (2.4) 
 
2.3 SPECIFIC ENERGY AND CRITICAL FLOW 
As it was developed in the last section in Equation 2.2, the energy of a fluid in an 
open channel can be calculated if the height and velocity of a fluid are known. Figure 2.1 
below, shows the specific energy associated with a varying water depth. There are several 
key features in this figure. First, the line E=h corresponds to the potential energy that 
would occur if the fluid was stagnant. This is important because it means that the 
horizontal distance from the y axis to this line represents the value of the h term in 
Equation 2.2, and the remaining distance from the E=h line to the curve is the resulting 
kinetic energy (v2/2g). Secondly, it can be seen from the graph that two different water 
depths can result in equivalent quantities of energy. It is then useful to be able to name 
the type of flow that is associated with each energy condition. A clear breaking point 
between the potential energy dominated flow regime and the kinetic energy dominated 
flow regime is the critical point. This point is the minimum specific energy that can be 
developed for a given channel discharge and is calculated by taking the derivative of the 
specific energy with respect to depth, dE/dh, and setting the resulting equation equal to 
zero. Solving this equation for depth results in the value for the critical depth, hc, and is 
shown below in Equation 2.5. Points on the graph greater than the critical depth are 





        (2.5) 
      
 
Figure 2.1 – Specific Energy Graph 
The critical depth is important for the development of a mathematical model used 
in developing a rating curve for this research. If it is assumed that water flowing through 
an obstruction (i.e., a TCTB) causes the water to pass through a critical state at or near 
the obstruction, a relationship between the critical height and a measured height upstream 
can be developed using the general energy equation and Equation 2.5. This is illustrated 
below in Equation 2.6, in which the subscript c indicates the critical location near the 
TCTB and the subscript u indicates the location upstream where the water level height is 
being recorded. 
         (2.6) 
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However, additional assumptions can also be made that will further simplify the equation. 
First, the upstream flow will be subcritical due to the TCTB obstruction. This will cause 
the upstream kinetic energy part of the equation to be negligible when compared to the 
potential energy or ≪ h . Secondly, as previously mentioned in Section 2.2, the α and 
hL terms can be neglected. Lastly, if vc is converted into an equivalent expression with q 
(unit flow) as was done in Section 2.2, we obtain Equation 2.7, which is listed below.  
         (2.7) 
Next, if Equation 2.5 is rearranged and solved for q2, the result is  . If 
this is then substituted into Equation 2.7 and rearranged to solve for hc, an equation is 
developed which gives the critical depth as a function of upstream depth. This equation is 
given below as Equation 2.8.   
          (2.8) 
This equation is especially helpful for the development of a mathematical model, which 
approximates the rating curve data gathered for each barrier type. Since, the actual value 
of the critical depth cannot be measured, this relationship allows for the calculation of the 
transition point, between supercritical to subcritical, with the measured data upstream of 




2.4 GENERAL FLOW EQUATIONS 
2.4.1 Weir Flow 
Several different methods can be used to measure the flow of a liquid, such as 
venturi tubes, turbine flowmeters, magnetic flowmeters, pitot tubes, and weirs. The 
method used in this research is the weir. A weir is a barrier or dam placed in the channel 
so that the fluid backs up behind it then falls through a notch cut into the face of the weir 
(Mott, 2000). For specifications concerning the particular weir used to measure flow in 
this research, see Section 3.3.3. The weir equation will also be useful when deriving the 
model equations describing the flow over a barrier, and will be discussed more in Section 
4.2.3.  
The general equation for weirs with horizontal crests is given by the following 
equation (King & Brater, 1963):  
 Q Cbh         (2.9) 
In this equation Q is the volumetric flow rate, C is the weir coefficient derived for 
each specific weir, b is the width of the weir, hw is the height of the water above the weir 
crest, and n is dependent on the weir geometry. The weir equation in this research is used 
both in the calculation of flow for the development of a rating curve and in deriving the 
model used to describe the flow over the barrier. For measuring the flow rate during the 
experiments a more specific form of the weir equation is used, which was developed to 
model the flow over sharp crested rectangular weirs and is given below in Equation 2.10 
(Rouse, 1950). In this equation Cd is an empirically derived weir coefficient that is 
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dependent on the effects of viscosity, the velocity distribution and capillarity (Rouse, 
1950) , and all other terms have been defined previously.  
 Q b 2gh
.
       (2.10) 
 
2.4.2 Orifice Flow 
In addition to the weir equation, the orifice flow equation is useful in the 
development of the model used in this research. According to King & Brater (1963), an 
orifice is a restricted opening with a closed perimeter through which water flows. The 
flow rate through a sharp crested orifice (the type of orifice that the barriers possess) is 
described by Equation 2.11, which is given by Bos (1989).  
 Q A 2gh         (2.11) 
In this equation, Cd is a unitless discharge coefficient, Ao is the cross-sectional area of the 
orifice, ho is the upstream head acting on the centroid of the orifice area, and Q and g 
have been defined previously. 
Equation 2.11, however, is only valid when ho is greater than the height of the 
orifice opening, and the discharge is unrestricted downstream. When the orifice becomes 
submerged upstream and downstream a slight alteration to this equation is necessary. The 
equation governing submerged orifice flow is also given by Bos (1989) and is shown 
below as Equation 2.12, where ∆ho is the difference in upstream and downstream head 
acting on the centroid of the orifice.  




Physical Setup and Methodology 
 
3.1  INTRODUCTION 
The purpose of this report is the development of rating curves that will predict the 
hydraulic performance of the: Single Slope Concrete Barrier (SSCB), Single Slope 
Concrete Barrier SPL (SSCBSPL), Concrete Safety Barrier (CSB) and Low Profile 
Concrete Barrier (LPCB). To accomplish this, physical modeling was performed at the 
Center for Research in Water Resources (CRWR) on the J.J. Pickle Research Campus in 
Austin, TX. The remaining sections will cover the construction of the models, the layout 
of the testing facility, and the methods used in data collection.  
 
3.2 MODEL CONSTRUCTION 
The first step in this experiment was the construction of the model and model 
base. This was a key step because the quality of the models being tested will inevitably 
affect the quality of the results. The next two sections will discuss the process involved 
and the decisions that were made during construction.  
 
3.2.1 TCTB Model Construction 
The models were constructed using TxDOT standard drawings, which are 
included in Appendix A. These drawings were obtained from the TxDOT website 
(TxDOT, 2009), and are available to the public. For the construction of the models, 
timber was chosen as an alternative to concrete (actual barrier material), because of the 
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relative ease of construction and movement, and because the hydraulic properties being 
measured are independent of the material, as long as the material is impermeable. In 
order to make the models as impermeable as possible, all the pieces were coated twice 
with a water proofing compound and with a final coat of primer paint. This also assured 
that the models would not warp or disintegrate during multiple tests.  As seen in Figures 
3.1-3.3, the models were constructed with a hollow interiors and open ends to decrease 
the effect of buoyancy forces during testing. This, however, will have little effect on the 
hydraulic properties being tested, because testing is only conducted after the flow has 
reach steady state, and under these conditions the amount of water flowing into and out of 
the model is negligible compared to the total amount of flow. Furthermore, in order for 
the models to conform to the existing test channel at the CRWR, the models were 
constructed at half scale with only half of a typical barrier section and one scupper drain 
analyzed. Lastly, only one model barrier was constructed to analyze both the SSCB and 
SSCBSPL. This is because both barriers had similar geometries with different sized 
drainage openings. This model will be referred to as the Modified Single Slope Concrete 
Barrier (MSSCB). Through adaptations to this model both the SSCB and SSCBSPL 





Figure 3.1 – MSSCB Model 
 
 





Figure 3.3 – LPCB (1) – 92 Model 
 
3.2.2 TCTB Descriptions 
Temporary Concrete Traffic Barriers (TCTBs) are used in order to prevent traffic 
from leaving the main driving surface. They are placed in locations where protection 
from oncoming traffic is needed and to provide safety for work crews in construction 
areas. The most important factor in determining the hydraulic performance of a TCTB is 
the drainage opening size. Some of the parameters, which affect this performance, such 
as height of barrier (hr), height of drain opening (hrl), width of drain opening (brl), and Fo 
(Fraction of open space) for the model barriers are included below in Table 3.1. For a 
more detailed examination of the actual barrier dimensions, see the standard drawings in 
Appendix A.  
Table 3.1 – Key TCTB Model Parameters 
TCTB-Model hr (in.) hrl (in.) brl (in.) Fo (%) 
MSSB 21 6 8 3.81 
CSB 16.5 1.5 12 1.82 




3.2.3 Model Support Construction 
Before construction of the models began, a support base was constructed in the 
channel to firmly anchor the models during testing. Since previous experiments 
completed in the channel were successful with a particular base design, it was decided 
that a similar base should be constructed. The outside dimensions of the base are as 
follows: five feet (152cm) along the width of the channel, four feet (122 cm) along the 
length of the channel, and approximately 6 1/2 inches (16.2 cm) in height from the 
channel bottom. For the construction of the base 2x6 boards, 5/8 inch (1.6 cm) thick 
plywood, concrete, and sand were utilized. Figure 3.2, looking downstream in the 
channel, shows the model support base before being sealed with the top plywood piece.  
The base was constructed with two sections. The upstream section was filled with 
concrete and has inside dimensions of 4.5 feet (137 cm) along the width of the channel, 
one foot (31 cm) along the length of the channel, and approximately five inches (13 cm) 
from the channel bottom. The concrete was utilized to provide the rigidity needed for the 
three support bars, located in the middle of the base and at nine inches (30 cm) from each 
side of the channel. The downstream section was filled with sand to give the base more 
mass, in order to resist the forces experienced during testing. Also, the three boards 
perpendicular to the direction of flow were each fitted with two brackets that were 
anchored to the bottom of the channel. Two boards were also added on the outside of the 
main frame and were not connected to the frame or the channel. Theses boards would 
allow the release of water upstream of the base after completion of testing, and were held 
in place with brackets connected to the base and the channel walls on the downstream 





Figure 3.2 – Support Base without Plywood Top 
 
3.3  TESTING FACILITY LAYOUT 
The laboratory setup at CRWR consists of: a reservoir, two pumps with valves to 
regulate flow, a main channel (where the model is located), the return channel, and a 
sharp crested weir located in the return channel upstream from the reservoir (used to 
measure flow). A visual diagram, Figure 3.3, is presented below to better explain the 
layout. In addition to these items, components used in this experiment include: nine pitot 
tubes connected to an inclined manometer board, which is used for measuring the height 
of the water upstream and downstream of the model, and a tail water gate located in the 
main channel that was used to increase the water elevation downstream of the model. 





Figure 3.3 – Testing Facility Layout (Klenzendorf, 2007) 
 
3.3.1 Water Delivery System 
The water used in testing is stored in a half million gallon capacity reservoir, 
which has to be periodically filled due to loss from evaporation and leakage. Two 
centrifugal pumps are located in the reservoir and are used to move the water to the main 
testing channel. Each pump can be operated independently and is fitted with a valve 
which allows the flow in the channel to be adjusted. The water from the pumps enters a 
head box (see Figure 3.4) which is located at the start of the main channel, and is fitted 
with several devices that dissipate and distribute the flow of the incoming water, so that 
the flow upstream of the model is relatively uniform. The first of these devices is a 
collection of 3.5 in (9cm) pall rings used to reduce energy. The pall rings are followed by 
a partition of concrete cinder blocks, which further decrease the energy. These devices 
are then finally followed by nine baffle plates that are spaced approximately 6 in (15 cm) 
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Figure 3.4 – Head Box 
The water then flows down the main channel where the testing equipment and 
model are located. At the end of the main channel the water then falls into the return 
channel which is at an elevation of approximately 3 feet (91cm) below that of the test 
channel. Due to the fact that another testing locale uses the same return channel the water 
then flows two ways, however, all the water used is routed back to the reservoir, where it 
must first flow over sharp crested weir. Therefore, no water is lost during testing and 
flow measurements, using the sharp crested weir, can be recorded once the system has 




3.3.2 Channel Description 
The main channel, where the model is located, is approximately 125 feet (38.1 m) 
in length, 5 feet (152cm) in width, and two feet eight inches (81cm) in height. The slope 
of the channel is approximately horizontal (zero slope) and the sides are approximately 
perpendicular to the bottom. The upstream face of the model is located approximately 90 
feet (27.4 m) from the start of the channel. The two sets of pitot tubes upstream of the 
model are at locations 75 feet (22.9 m) and 80 feet (24.4 m) from the start of the channel 
and the downstream set of pitot tubes are at a location 100 feet (30.5 m) from the start of 
the channel.  
 
3.3.3 Sharp Crested Weir 
A sharp crested weir (see Figure 3.5) is located in the return channel 
approximately 30 ft (9.14 m) upstream of where the water enters the clarifier. The weir 
covers the whole width of the return channel and is five feet (152 cm) wide and two feet 
(61 cm) tall. It is equipped with a small rectangular opening that is one foot (30.5 cm) 
wide and eight inches (20 cm) tall, which is located in the lower middle portion and is 





Figure 3.5 – Sharp Crested Weir 
The construction of the weir is described in Hydraulic Effects of Safety End 
Treatments on Culvert Performance by Benson (2004); in this MS thesis the weir 
coefficient (Cd) was experimentally derived to be 0.618. With the weir coefficient known, 
it is then possible to calculate a flow rate based on the height of the water above the weir. 
This is accomplished according to Equation 3.1(King & Brater, 1963),  where b is the 
width of the weir, g is the gravitational constant (32.2 ft/sec2), hw is the height of the 
water above the weir, and Q is the flow rate in ft3/sec. 
 2        (3.1) 
To determine the height above the weir, a point gage (see Figure 3.6) was used 
that allowed measurements to be taken to the nearest thousandth of an inch. The gage was 
located approximately 16 ft (5m) upstream from the weir and was enclosed by a stilling 
well in order to reduce the effect of waves on the water surface. The gage was placed 
well upstream of the weir in order to take measurements where the surface profile is 
undisturbed. Normally, this upstream distance is approximately six times the maximum 
expected head (distance above the weir) (Mott, 2000). The stilling well was constructed 
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from clear piping that had an inside diameter of two inches (5 cm) and was open on both 
ends. The bottom of the stilling well was located approximately two inches (5 cm) from 
the bottom of the channel and the top was flush with the top of the channel. The gage is 
also equipped with a level bubble to ensure that readings were not affected by the angle 
of the gage.  
In the MS thesis Hydraulic Performance of Bridge Rails based on Rating Curves 
and Submergence Effects by Brandon Klenzendorf (2007), the method for calibrating the 
point gage is discussed. According to Klenzendorf, several measurements were taken 
with the gage at the point when the water level was at the top of the weir, and the average 
value using the point gage for the top of the weir was found to be 0.954 ft (Klenzendorf, 
2007). This value is then the effective zero point for the amount of head above the weir. 
In order to calculate the height above the weir, 0.954 ft was subtracted from the gage 
reading.  
 




3.3.4 Pitot Tubes and Manometer Board 
Nine pitot tubes connected to an inclined manometer board were utilized to 
measure the upstream and downstream water level height.  Six tubes were used to 
measure the water depth upstream of the model and three were used to measure the 
downstream water depth. The pitot tubes were equally spaced across the width of the 
channel in groups of three and were located a sufficient distance away from the model so 
that the measurements would not be affected by turbulence or changes to the surface 
profile near the model. Figure 3.7 demonstrate the location of the pitot tubes in relation to 
the model.  
 
 
Figure 3.7 – Pitot Tube Locations (Diagram NTS) 
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The pitot tubes used are designed to measure static pressure head (water depth) 
and total pressure head (static head and velocity head). Two ports are located on the pitot 
tube for recording each of these heads, however, the port used for static pressure was the 
only one utilized in this research. A schematic of the pitot tubes that were used is shown 
below in Figure 3.8.  
                        
          Figure 3.8 – Pitot Tube Schematic 
The pitot tubes were then connected to an inclined manometer (see Figure 3.9) 
board by flexible plastic tubing attached to the static pressure port. An inclined 
manometer is used in leiu of a vertical one, because of the increased precision that is 
achieved. This increase in precision is due to the fact that a small vertical change will 
result in a large change along the incline.  The construction of the manometer board and 





Figure 3.9 – Inclined Manometer Board 
The manometer board consisted of nine rigid plastic tubes connected on the 
bottom end to the pitot tubes (via the flexible tubing) and on the upper end to a manifold 
(via flexible tubing). The manifold was used to flush water through the system in order to 
remove any air in the lines prior to testing. Also, small holes were drilled into the top of 
the rigid pipes so that the water in the tubes would be exposed to atmospheric pressure. 
Since the water in the manometer board and water flowing in the channel are both 
exposed to atmospheric pressure, the water level in both should be the same.  
To gauge the height of water in the channel with the inclined manometer board 
two pieces of information must be known, which are: the angle of the manometer board 
and the height of the zero measurement (on the manometer board) above the channel 
bottom. The angle of inclination of the manometer board used for this research is 
approximately 25.5° (Klenzendorf, 2007). Therefore, a vertical height can be calculated 
simply by multiplying the inclined reading by the sine of the angle of inclination. 
Equation 3.2 is included below to better illustrate how this is accomplished, where hv is 
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the vertical height, hi is the height recorded on the incline, and θ is the angle of 
inclination.  
 sin         (3.2) 
In order to determine the height of the water above the channel bottom, however, 
the height of the zero measurement must also be known. Surveying equipment was used 
to accurately measure this distance,  (Klenzendorf, 2007). It was determined that the 
elevation difference between the channel and the zero measurement is approximately 
equal to 0.835ft (25.5 cm). Therefore, to determine the height of the water above the 
channel bottom this difference must be added to the vertical height calculated in Equation 
3.2. This is further illustrated below by Equation 3.3. In this equation, H is the height of 
the water above the channel, hv is the vertical height calculated from the inclined 
manometer board measurement, and hmb is the height of the manometer board zero 
reading, which is the height of the water above the channel bottom when the manometer 
board registers a zero value.   
 25.5 0.835    (3.3) 
 
3.3.5 Tailwater Gate 
A gate that is hinged at the top and connected at the bottom with steel cables was 
installed prior to the main channel discharge into the return channel. The steel cables are 
connected to a crank that control the height of the gate, which then allows for testing the 
effects of submergence downstream of the model. This is accomplished by lowering the 
gate into the water and creating an obstruction that produces a hydraulic jump. The 
hydraulic jump is the result of the specific energy of the water changing from 
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supercritical to subcritical flow. When this happens the water depth increases, which 
allows for testing the affects of downstream submergence on the upstream water depth. 
As the gate is lowered, the obstruction becomes greater and the downstream water depth 
increases. This affects the upstream water depth by impeding the flow through the orifice, 
which then causes the upstream water depth to increase.  
 
 
Figure 3.10 – Tailwater Gate 
 
3.4 METHODOLOGY 
As with any experiment, specific methods must be followed to ensure the 
reliability and accuracy of the data being gathered. This section will discuss the start up 
procedure, rating curve data gathering and submergence testing data gathering 




3.4.1 Start-up Procedure 
This sub-section will discuss the start-up procedure for both the rating curve and 
submergence tests. To begin testing, the removable boards were inserted in the model 
base, and the small rectangular opening in the sharp crested weir was closed. The next 
step was to make sure that the pitot tubes were working properly. This was done by 
connecting the manifold on the manometer board to a water faucet located on the exterior 
of Building 120, which was located next to the channel. With the manifold connected to 
the water line, the water was then turned on and water allowed to flow into the 
manometer board and out to the pitot tubes. At this point the flexible tubing connecting 
the pitot tubes and manometer board and the rigid tubes of the manometer board were 
both monitored for the presence of air bubbles. Also, the pitot tube’s static ports were 
checked to determine if there was any blockage. The pitot tubes used were equipped with 
eight ports. If any of the ports were clogged, they were either unclogged via a wire brush 
or were replaced with a new pitot tube. After the tubes were shown to be in working 
order and the air in the lines was flushed, the valves on the pumps were then adjusted and 
the pumps turned on. The water to the manifold was then turned off after the pitot tubes 
were submerged. This ensured that air would not be allowed to re-enter the lines. The last 
step was to allow the pumps to run for a minimum of 45 minutes before data was 
collected. This time was determined during previous research by Klenzendorf (2007), and 
was set so that enough time was allowed for water to fill up the return channels and 
steady state conditions could be achieved before flow measurements at the sharp crested 




3.4.2 Rating Curve Testing Procedure 
During the development of the rating curves for the TCTBs only the six upstream 
pitot tubes were used. Three tests were conducted for each flow rate, with a minimum of 
two minutes between each test. Each test consisted of recording the height readings on 
the manometer board for each of the pitot tubes, and recording the measurement taken 
from the point gage for calculating the flow. The precision of the manometer board 
readings is 0.005 ft and was taken from the bottom of the meniscus. The point gage’s 
precision is 0.001 ft and was recorded when the tip was observed to make contact with 
the water surface. Due to slight oscillations in the water’s surface the arithmetic mean of 
the values recorded in the three tests are used in the development of the rating curve.  
When testing was accomplished for multiple flow rates on the same day, the 
valves and pump combinations could be changed after one test was complete. Since water 
had already filled the return channels, 30 minutes was allowed for the flow to stabilize 
and reach steady state conditions, instead of the 45 minutes that was required for start-up.  
 
3.4.3 Submerged Testing Procedure 
For testing the affect of submergence on the water height upstream, all nine pitot 
tubes were utilized. Six pitot tubes were located upstream of the model and were used to 
measure the upstream water depth. Three additional pitot tubes were located downstream 
of the model and were used to measure downstream water depth. During submergence 
testing six tests were performed for each different position of the tailwater gate. Six tests 
were performed instead of three, because of the turbulence generate by the hydraulic 
jump. At lower downstream water elevations, as much as one and a half inches of change 
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was detected during a test, but as the water level increased the readings became much 
more stable. However, for the sake of consistency, six tests were performed for all the 
different tailwater gate positions.  
The first test was conducted when the tailwater gate produced a hydraulic jump 
that brought the downstream water elevation to the top of the model support base. At this 
point the downstream water depth should have little effect on the upstream water depth 
and is an appropriate starting point for testing. Also, at this point, the pitot tubes become 
submerged and the water to the manifold on the manometer board is shut off, so as to 
prevent any air from entering the lines. As with the rating curve tests, two minutes is 
allowed in-between each of the tests, in order to detect any fluctuations that might be 
occurring. A minimum of eight tests were performed at the same flow rate and different 
tailwater gate positions, and four such series of tests were performed at different flow 
rates.  
Unlike the rating curve tests, the flow rate was not changed between tests. Since 
the flow rate did not change, the only part of the experiment that required time to 
stabilize was the downstream water depth. A minimum of 15 minutes was allowed for the 
water level to stabilize after one test was complete and a new tailwater gate position 
established. Also, as it was with setting the tailwater gate so that the downstream water 
level was at the height of the model base, some adjustment was necessary between tests 
in order to perform experiments where the water elevation was not too similar to the last 




3.4.4 Shut-down Procedure 
The shut-down procedure for both the rating curve and submergence tests is the 
same. The pumps are first shut off and some of the water is allowed to drain. At this time, 
the tailwater gate is also raised (if performing submergence test). Once the water level in 
the main channel has dropped it is then possible to remove the boards on the side of the 
model base and open the gate on the sharp crested weir, so that the remaining water can 








The purpose of this research is the development of a rating curve that will 
describe the relationship between upstream water energy and flow for Temporary 
Concrete Traffic Barriers (TCTB). To do this, two different models need to be developed. 
The first model, the Rating Curve Model is a model that develops the link between 
upstream energy and flow, without the presence of a downstream obstruction. This model 
will demonstrate the ideal condition, where water flowing through the orifice and over 
the top of the barrier is not affected by backwater. The second model, the Submergence 
Model, will then describe the effects of an impediment downstream that forces water to 
back up on the downstream side of the TCTB. This water will then reduce flow through 
the orifice in the barrier and cause the potential energy (water height) upstream of the 
barrier to increase.  
 
4.2 RATING CURVE MODEL  
This research builds upon a previous study conducted by Charbeneau et al. 
(2006). In the development of the rating curve model, the first step was to assess the 
different flow types that would be occurring as water passes from one side of the TCTB 
to the other. For TCTBs there are three possible flow regimes: Type 1 flow is a weir type 
flow in which water flows through the scupper drain but is not completely submerged, 
Type 2 flow is an orifice type flow, where the water level upstream of the barrier is above 
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the height of the drain, and Type 3 flow occurs when water overtops the barrier and is a 
combination of orifice and weir flow. The equations governing each flow type are 
provided below in Equations 4.1, 4.2, and 4.3. In these equations energy (e), expressed in 
units of length, is used. In order to determine the energy upstream of the barrier (eu), the 
water elevation (potential energy) and flow rate is used to calculate the kinetic energy. 
With the kinetic energy calculated, this number can simply be added to the potential 
energy that is already being measured in order to determine the total energy upstream. 
Furthermore, in these equations Q represents the flow rate, g is the gravitational constant, 
Ar, is the area of the barrier, Cb Cc and Cd are experimentally derived coefficients, Fo is 
the fraction of open space in the barrier, and all other terms are detailed in the following 
paragraph. 
Type 1   C F
.
      (4.1) 
Type 2   C C F 2 C     (4.2) 




  (4.3) 
 
Figure 4.1 illustrates the different flow types, which are defined by the water 
height. Also, in this figure, several key parameters used in the creation of the model are 
shown. The first parameter of interest is the term Hu, which is the overall height of the 
water that is measured by the pitot tubes at a location upstream of the barrier. Next, hb is 
defined as the height of the support base, which is discussed in Section 3.2.3. 
Furthermore, hu is the difference between Hu and hb, i.e. hu=Hu-hb. Furthermore, hr is the 
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height of the barrier, and hrl is the height of the drain opening. Lastly, b is the width of 
the channel, and bp is the support base with, which is the difference between b and brl, 
(bp=b-brl), where brl is the width of the drainage opening. These terms describe the 
physical properties of the barrier being tested and are important in deriving the equations 
for the different flow types in the subsequent sections.   
 
Figure 4.1 – Flow Type Schematic for MSSCB (NTS) 
 
4.2.1 Type 1 Flow 
In Type 1 flow, water is allowed to pass through the scupper drain , but the water 
level is less than the height of the drain opening. For this flow regime, water is forced to 
go from a subcritical flow upstream of the barrier, to a critical flow at the barrier, and 
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then to supercritical as the water flows through the opening. This is because the barrier 
acts as an obstruction to the flow, which causes the potential energy to increase and the 
kinetic energy to decrease upstream of the barrier. Downstream of the barrier, the water is 
then in a supercritical state, because of the lack of an obstruction. Therefore, it can be 
surmised that at the barrier, critical flow will be developed. This is extremely helpful 
information, and serves as the launching point for deriving the mathematical model 
developed by Charbeneau et al (2006). It is also important to know that, as it was 
discussed in Section 2.3, the height of the water upstream of the barrier can be related to 
the critical height by Equation 2.8, or hc=2hu/3, because the critical height cannot be 
measured, while the height upstream is readily measurable.  
With the critical height related to upstream water depth, it is also helpful to know 
that at critical flow the Froude number is equal to a value of one. This is because the 
Froude number is the ratio between inertial forces and gravitational forces, or the ratio 
between supercritical flow and subcritical flow. Equation 4.4 below, describes this 
relationship, where v is the velocity, g is the gravitational constant, and D is a 
characteristic length (water depth).  
         (4.4) 
If the Froude number is then set to one, and Equation 4.4 solved for the velocity term, the 
results is then presented below in Equation 4.5, where hc is the critical height.  
  
 gh         (4.5) 
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This is very helpful, because we now can determine the velocity through the drain 
opening, which is a function of gravitational forces and the water height upstream, by 
substituting Equation 2.8 into Equation 4.5 to obtain the following result, Equation 4.6. 
 g h        (4.6) 
The flow rate through the scupper drain can then be calculated through the use of 
the continuity equation, Q = vA, where v is the velocity and A is the area of flow. 
According to Charbeneau et al (date), the area of flow through a drain is diminished by 
horizontal contractions that occur as water flows through the opening. To account for the 
reduction in area, coefficient values can be experimentally determined that account for 
these losses. Figure 4.2, below, illustrates this phenomenon, where the water entering the 
drain is contracted. The coefficient Cb is used here to describe the decrease in the 
effective area by which the water is flowing through the opening. This figure shows the 
flow being forced to the middle as water passes through the orifice, which then causes a 
decrease in the effective width as can be seen in Figure 4.3.  
 




Figure 4.3 – Type 1 Flow  
What we are left with then is Equation 4.7, which describes the flow rate at the location 
of critical depth (at the barrier) based on the assumptions described above. 
 Av C b b h g h    (4.7) 
The next step is then to write the equation in a form that will easily allow the 
comparison of different barriers, and derive it in a way such that it is non-dimensional. 
Non-dimensionalizing the equation transforms the flow to a per unit basis, so that the 
equation will be applicable to any length of barrier, and rearranging the terms so that the 
flow area is based on a fraction of open space facilitates easy comparison between 
barriers based on the amount of area is allocated to drainage. The fraction of open space 
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is then given below by Equation 4.8, where Ao is the cross-sectional area of the drain 
perpendicular to the flow and Ar is the cross-sectional area of the barrier perpendicular to 
the flow, which includes the drain area, and all other terms have been defined previously. 
        (4.8) 
Next, by taking Equation 4.7 with 4.8 and employing some algebra, Equation 4.9 can be 
derived, which is the non-dimensional equation for Type 1 flow.  
 C F
.
      (4.9) 
 
4.2.2 Type 2 Flow 
Type 2 flow occurs when the water level rises above the height of the drainage 
opening, and is modeled as an orifice flow according to Charbeneau et al. (2006). This 
flow regime, like Type 1 flow, is also affected by contractions at the opening. Figure 4.4 
below, shows the vertical contraction that occurs during orifice flow. For orifice flow 





Figure 4.4 –Profile View of Type 2 Flow  
 The first step in developing the equation is realizing that the energy upstream of 
the barrier and at the barrier will be the same (given the assumptions made in Section 
2.2). Additionally, like it was with Type 1 flow, it can be assumed that the flow upstream 
will be subcritical, due to the obstruction of the barrier. This assumption leads to the 
simplification of the energy equation, because the upstream water velocity (kinetic 
energy) will negligible when compared to the water depth (potential energy), i.e.  
≪ . Next, it should also be noted that the water depth (potential energy) at the 
barrier will be related to the height of the drain opening multiplied by the coefficient Cc, 
as described in Section 4.1.1, because of the contraction that occurs when water flows 
through the orifice. Finally, it is possible to develop the energy equation, Equation 4.10. 
In this equation the subscript u refers to the upstream position, the subscript m refers to a 
location at the model, and all other terms have been defined previously.  
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        (4.10) 
The next step is then to use the continuity equation (Q=Av) as we did in 
evaluating Type 1 flow. By rearranging Equation 4.10 we can solve for vm. This will give 
the velocity portion of the continuity equation and is given below as Equation 4.11.  
 v 2g h C h       (4.11) 
The area can then be realized as the height of the barrier orifice multiplied by the 
coefficient Cc times the width of the barrier orifice multiplied by the coefficient Cb. 
Plugging the values for area and velocity into the continuity equation we are then left 
with Equation 4.12.  
 Av C b b C h 2g h C h    (4.12) 
However, as it was done for Type 1 flow, we must also convert the equation to the non-
dimensional form. The result of the algebraic conversion is then given by Equation 4.13.  
 C C F 2 C     (4.13) 
The last step is then to determine the height upstream which will be the transition 
point between Type 1 and Type 2 flow. To do this we can set the equations for each of 
the flow types equal to each other. The result is a cubic equation in terms of the upstream 
water depth, in which there are three roots. The first root is equal to a value of -3 (which 
has no physical meaning), and the second two roots equals 3/2. The resultant equation 
with respect to upstream water depth is then given by Equation 4.14.  
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 C          (4.14) 
This equation is non-dimensional with respect to the height of the barrier, as are the 
equations for Type 1 and 2 flows. Also, it should be noted that this equation is equivalent 
to Equation 2.8, which was derived earlier in this paper in Section 2.3. It is at this point 
that the Type 1 and 2 flow curves intersect and the derivatives of the curves are equal, 
which creates a smooth transition point between the two flow types.  
 
4.2.3 Type 3 Flow 
Type 3 flow can be explained through the superposition of orifice and weir flow, 
in which the orifice flow is described by the equation for Type 2 flow and weir flow is 
that of a broad crested weir. The equation for broad crested weir flow is then given by 
Equation 4.15 (Bos, 1989). This equation is similar to Equation 3.1 used for calculating 
the flow rate in the experimental setup, however, the difference being that the weir used 
in that situation is a sharp crested weir. Also, in this equation an extra term is added, Cv, 
which accounts for a loss in the velocity head as the water passes over the weir.  
 C       (4.15) 
If this equation is then converted into the non-dimensional form, as the equations for 
Type 1 and Type 2 flows were, the result is Equation 4.16. In this equation, it should be 
noted that the term Cv is omitted because combining it with Cd will result in a single 
coefficient, which is more practical for modeling purposes. Also, the term hw is 
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equivalent to the height of the water above the weir, which is the difference between the 





     (4.16) 
By combine Equations 4.13 and 4.16, we are then left with a non-dimensional equation 
for modeling Type 3 flow (Equation 4.17).  




  (4.17) 
 
4.3 SUBMERGENCE MODEL 
The Submergence Model describes the effects of an obstruction that forces water 
to back up on the downstream side of the TCTB. This water will then hinder flow 
through the barrier and cause the potential energy (water height) upstream to increase. 
The increase in the water height will then be a departure from the prediction given in the 
rating curve model. To describe this departure two methods have been developed. The 
first is a model developed by Villemonte (1947), which is based on the general weir 
equation and the principle of superposition. This model, however, tends to overestimate 
the effects due to low flow rates and underestimate those due to high flow rates 
(Klenzendorf, 2007). The second is an empirically derived equation developed from the 
Villemonte model, which is described by Klenzendorf (2007). In this model, the non-
dimensional flow rate is included in the equation in order to represent the impact that 




4.3.1 Villemonte Model 
As previously noted, the Villemonte Model describes the effect that an increase in 
downstream water depth (submergence) imparts to upstream water depth. To describe the 
interaction between upstream and downstream water depth the principle of superposition 
was used, where the net flow rate (Q) is a function of the upstream and downstream 
discharges Q1 and Q2 that would occur under conditions without submergence. 
 
 
Figure 4.5 – Villemonte Model (Villemonte, 1947) 
The resulting statement is then given below by Equation 4.18, where the net flow is equal 
to the difference between flow upstream and downstream (Q = Q1 - Q2) ,and the equation 
has been algebraically transformed so that the left hand side represents a submergence 
coefficient.  
 1         (4.18) 
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This equation, however, proved to be invalid when compared to the data Villemonte 
conducted on various weirs. Nevertheless, a relationship was discovered between 
Equation 4.18 and the data, when a multiplicative and an exponential constant (k,m) were 
added to the right side of the equation. The result of these additions leads to Equation 
4.19, given below, which is the general form of the submergence model.  
  k 1        (4.19) 
If we then insert the general form of the weir equation (Equation 2.9) into Equation 4.19 
the result is given by Equation 4.20, in which the exponent n is dependent on the 
particular weir being used. 
  k 1       (4.20) 
Furthermore, C and b can be removed from the expression because they are a constant for 
both the upstream and downstream flows, and the coefficient k can be removed, because 
it was experimentally determined to have a value of 1 for weirs with horizontal crests by 
Villemonte. This results in Equation 4.21. In this equation energy (e), expressed in ft, has 
been substituted for the height above the weir, where the head datum is measured from 
the support base instead of from the top of the weir, as was done in the Villemonte 




     (4.21) 
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However, since the LPCB includes orifice flow, the value of 1.5 for n may not be entirely 
correct. It should be noted though, that this equation is still used, because it has been 
found to produce reasonable results.   
 
4.3.2 Empirical Model 
Another model has been developed by which the Villemonte model is adapted to 
account for changes in the flow rate. In this model proposed by Klenzendorf (2007), the 
non-dimensional flow rate is included in the power term, and an additional parameter (A) 
is inserted into the equation to create a lower bound, where the downstream water height 
has a limited effect on the upstream water elevation. Also, the power term n is assumed to 
be one. This is because the value of 1.5 used in the Villemonte model is derived from the 
weir equation, and the addition of orifice flow will alter this term. The result of these 
changes is given below in Equation 4.22, where FQ is the non-dimensional flow rate, B is 
the model coefficient, and all other terms have been defined previously.  
 
∆
      (4.22) 
Furthermore, the value of A used in this report is taken from an experiment by 
Klenzendorf. To find a suitable value for A, the type T203 bridge rail submergence test 
data was compared to Equation 4.22. When different values for A were plugged into the 
equation a plot of the standard error versus A was developed. This graph is presented in 
Figure 4.6. In this graph, there appears to be a local minimum when A equals 2/3. Since 
the flow through the bridge rail is similar to that of a traffic barrier, this value is used as 












5.1  INTRODUCTION 
The purpose of this research is the development of a hydraulic rating curve that 
describes the relationship between energy upstream of a TCTB to differing flow rates. 
The following sections will discuss the rating curves that were developed for both the 
submerged and unsubmerged conditions using the model equations discussed in Chapter 
4 with experimental data collected at the University of Texas J.J Pickle Research 
Campus.   
 
5.2 RATING CURVE DATA 
Figures 5.1 through 5.3 summarize the data gathered as prescribed in Section 3.4, 
where the ordinate values are expressed in units of feet and the abscissa is the flow rate. 
These graphs alone, however, do not constitute a model, as was developed in Chapter 4 
of this report. Furthermore, only three sets of data are given below, because the data for 





Figure 5.1 – MSSCB Rating Curve Data 
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Figure 5.3 – LPCB Rating Curve Data 
 
  In order to obtain a graph which represents the model equations and the data in 
Figures 5.1-5.3, the Excel Macro Tool was utilized to create a function that can be used 
in an Excel spreadsheet. This function, Qnon, calculates the non-dimensional flow rate 
based on the input variables e (eu/hr), fo (fraction of open space), a (hrl/hr), and the 
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Microsoft Excel Solver and regression was then utilized to fit the model to the data by 
changing the coefficient values of Cb, Cc, and Cd, where the coefficient values were 
subject to the following constraints: 
 0.0 1.0      (5.1) 
 0.0 1.0      (5.2) 
 0.0        (5.3) 
The constraints are necessary because in the developed equations, Cb and Cc describe the 
contraction that happens when water passes through the orifice, and a zero value would 
result in no flow in the horizontal or vertical directions respectively. Cd, on the other 
hand, has to be greater than zero, because a negative value would produce negative flow 
after the water overtopped the barrier and a value of zero would result in zero flow over 
the barrier. The results of this analysis are given below in Figures 5.4-5.6, where the 
abscissa and ordinate are in the non-dimensional form that is given in the model 
equations developed by Charbeneau et al. (2008). Also, the coefficients that were 
calculated for each of the barriers are given below in Table 5.1 with the associated 
standard error between the rating curve and the observed data.  
 
Table 5.1 – Rating Curve Coefficient Values 
MSSCB CSB LPCB 
Cb 0.588 0.477 0.177 
Cc 1.000 0.855 0.338 
Cd 0.843 1.011 0.900 
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Figure 5.6 – LPCB Rating Curve 
Furthermore, in order to understand the effects on the actual barrier, we can 
transform the model output through simple algebra, to get the flow rate and energy 
upstream. For example, using the function Qnon it is possible to solve for the non-
dimensional flow, given the non-dimensional specific energy. If the non-dimensional 
values are multiplied by the physical parameters of the barrier, the actual flow rate and 
upstream energy can be calculated. This is shown below by Equation 5.4 and 5.5. 
 
3
   (5.4) 
         (5.5) 
Moreover, if the LPCB is analyzed, it is possible to develop a graph similar to Figure 5.7, 
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Figure 5.7 – LPCB Example Rating Curve 
 
5.3 SUBMERGENCE DATA 
The data presented below in Figures 5.8-5.10 are the result of testing conducted 
according to Section 3.4.3. A diagonal line with slope 1.0 has been inserted on the graphs 
to visualize when an incremental increase in downstream depth will result in the same 
increase in upstream height. This line is considered the asymptote of the data, because 
when the data approaches this line the barrier’s effect is negligible and the data will 
continue to increase and follow this line. Also, it should be noted that the flow rate in the 
legend is given as the range of values that were recorded during a test. This is because the 
flow varied slightly during testing. 
Testing was conducted at four different flow rates in order to determine the effect 
that flow will have on the submergence ratio. In the first model, there will be no effect 
due to varying the flow, because the Villemonte Model is independent of flow; however, 
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the Empirical model is implicit with respect to flow and a series of curves will be 
developed to describe the effect of submergence for different values of Q. 
 
 





































































































5.3.1 Villemonte Model 
The resulting Villemonte Models are presented below in Figures 5.11-5.13. Also, 
the coefficient (m) for each of the barriers is listed below in Table 5.2, with the associated 
standard error. The model provides a reasonable fit to the data, and is more 
straightforward than the empirical model, which depends on the flow rate being known.  
In order to obtain the coefficient value, the actual flow rate (Q) was measured, 
and the theoretical flow rate upstream (Q1) was calculated using the rating curve model 
already developed, with the measured height of water upstream. The only other 
parameters in the Villemonte model are the energy upstream and downstream, which are 
also being measured. With these measured values, the Microsoft Excel Solver function 
was utilized to select values for the coefficient (m) such that the standard error between 
the measured values of the submergence ratio and the model derived submergence ratio 
was minimized.  
 
 





















































Table 5.2 –Villemonte Model Coefficient Values 
MSSB CSB LPCB 
m 0.485 0.255 0.109 
S.E. 6.62% 12.12% 5.89% 
 
Figures 5.14-5.16 are the graphical representations of the difference between the 
predicted submergence ratio and the data. The one to one line inserted on the graph has 
been inserted so a quick comparison of the difference between the modeled value and 
measured value can be made. If a data point lies on the line, this means that the modeled 
and measured values are the same. Conversely, the further away a data point is from the 
one to one line, the larger the discrepancy between the modeled and measured values. 
Furthermore, the data points have been separated by flow rate, to present the difference in 
error for different flow values.  
 
 














































































5.3.2 Empirical Model 
The resulting Empirical models are given below in Figure 5.17-5.19, where a 
series of curves have been developed using the average of the four different flow rates 
that were used in the different experiments. The coefficient (B) is also listed below in 
Table 5.3. The process for obtaining this coefficient is same as used for the Villemonte 
model, with the exception that the Empirical submergence equation was utilized.   
 
 






































































Table 5.3 –Empirical Model Coefficient Values 
MSSB CSB LPCB 
B 100.93 97.690 63.194 
S.E. 7.82% 11.87% 7.69% 
 
Figures 5.20-5.21 below are the graphical representation of the difference 
between the Empirical model’s predicted submergence ratio and the data. These graphs 
are similar to Figures 5.14-5.16, which were constructed for the Villemonte model, and 
are meant to highlight the difference in error for different flow values.  
 
 













































































5.3.3 Comparison of Submergence Models 
A comparison of the standard errors between the Villemonte and Empirical 
models reveals that the Villemonte model represents the data more concisely for the 
MSSCB and LPCB. It can also be seen that the Empirical model represents the CSB more 
accurately, because of the lower standard error. However, the standard errors between the 
two models are very similar. Because the errors are comparable and the use of the 
Villemonte model is more straightforward (not dependent on the flow rate), the use of 
this model should be the preferred choice when modeling the affect that downstream 
submergence will have on rating curve. Furthermore, the fact that the Villemonte model 
describes submergence so well is due to the fact that it was developed for weir structures, 
which each of the TCTBs approximate with their small orifice sizes. However, the 
Empirical model did relatively well in its prediction, but is better suited to modeling flow 
through barriers where the fraction of open space is larger and the flow through the 












When considering the hydraulic performance of a TCTB, clogging of the drainage 
opening should be considered. This is because the small openings in the barriers will 
make them more susceptible to clogging. If the barrier becomes clogged, the specific 
energy upstream will increase as a function of the amount of clogging until the drainage 
opening is completely clogged. After the opening is completely clogged, the barrier will 
then exhibit flow characteristics similar to a weir.  
In order to study the effect that a variable amount of clogging would have on the 
hydraulic performance of a TCTB, the modified single slope barrier (MSSCB) was 
tested. This barrier was equipped with a device that closed off part of the open space and 
allowed testing to be performed at 50% and 75% of the original drainage opening area. 
The original MSSCB can be seen in Figure 6.1 and the barrier when 50% and 75% 







Figure 6.1 – Original MSSCB with no Clogging 
 
 
Figure 6.2 –MSSCB 50% Clogged 
 
 
Figure 6.3 –MSSCB 75% Clogged 
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Testing of this barrier in all three conditions was conducted as described in 
Section 3 of this paper. The next sections will describe the experimental results and the 
conclusions that can be drawn from those results.  
 
6.2 EXPERIMENTAL RESULTS 
When clogging occurs, it changes the fraction of open space that is available to 
the barrier. Since the fraction of open space is a variable in the equations for Type 1,2, 
and 3 flow, it should be possible to adjust this parameter to account for a desired amount 
of clogging. Before the experiments on the MSSB were conducted, the fraction of open 
space was adjusted to represent the 50% and 75% clogged condition. This was done by 
simply multiplying the original fraction of open space by the percentage of open space 
available after clogging, Fo ∗ 1 %clogged . With this variable changed and all 
others left the same Figure 6.4 was developed. From this graph it can be seen that as the 
percentage of clogging increases the equations will shift to closer to the ordinate axis, and 





Figure 6.4 –MSSB Clogging Prediction 
Next, in order to determine if this prediction adequately predicts the effects of 
clogging, the model was compared to the experimental data. This data is displayed below, 
in Figure 6.5, along with the prediction curves that were displayed in Figure 6.4. It can be 
seen from the graph that the prediction follows the general trend in the data. The standard 





Figure 6.5 –MSSB Clogging Prediction Results 
 
Table 6.1 – Standard Error of Clogging Prediction 
 
With these results, it is now possible for designers to determine the effects that 
various amounts of clogging will have on the hydraulic rating curve of a barrier being 
considered, by simply changing the fraction of open space to account for the clogged 
condition. Furthermore, this information can also be used by designers in order to design 
barriers with different sized openings to meet the hydraulic characteristics in a particular 
area.  
Lastly, as was mentioned earlier in Section 3.2.1, this makes possible the creation 
of a rating curve to describe the SSCB and SSCB-SPL. By using the same coefficients 
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already derived for the MSSB and changing the fraction of open space to match that of 
each barrier, a rating curve can be created. These rating curves are presented below in 
Figure 6.6. The MSSCB barrier has also been included for comparison purposes. 
Furthermore, the parameters used to create these models are included below in Table 6.2.  
 
 
Figure 6.6 –SSCB Rating Curve 
Table 6.2 – SSCB/SSCB-SPL Rating Curve Parameters 
TCTB Cb Cc Cd Fo 
SSCB 0.588 1.000 0.843 0.635% 









































Modeling in HEC-RAS 
 
7.1 INTRODUCTION  
When designing highway drainage structures such as culverts and bridges, the 
hydraulic modeling software HEC-RAS (Hydrologic Engineering Center-River Analysis 
System) is often used in order to determine the water elevation that will result for various 
flows. Currently, if the water elevation overtops the roadway, the program can be set to 
calculate the flow using the pressure/weir method. In this calculation, the standard broad 
crested weir equation is used with a recommended value of 2.6 for the weir coefficient. 
However, when an obstruction such as a Temporary Concrete Traffic Barrier (TCTB) is 
placed on the roadway this coefficient will no longer will be applicable to describe that 
flow, because the barrier will act as an obstruction and will cause the upstream energy to 
increase compared to what would be calculated using the suggested weir coefficient. In 
order to model the effect that placing a barrier on the roadway will have, the weir 
coefficient can be modified to match an experimentally derived rating curve for the 
barrier that is going to be used. This section will explore how this can be accomplished 
by using two steady state example problems in HEC-RAS and the Concrete Safety 
Barrier (CSB (1)-04).   
 
7.2 HYDRAULIC RATING CURVE 
For the examples demonstrated in this chapter the CSB was selected as the barrier 





Figure 7.1 – CSB(1)-04 Rating Curve 
This rating curve is non-dimensional because it was developed using a half scale 
model of the barrier, and the parameters needed to be non-dimensional in order to relate 
the model to the actual barrier. This however, is also advantageous for modeling in HEC-
RAS, because the non-dimensional form allows for the easy calculation of the flow rate 
and energy upstream for varying widths of barriers by simply inserting the known values.  
 
7.3  HEC-RAS EXAMPLES 
Several example problems are included when HEC-RAS Version 4.0 is 
downloaded from the United States Army Corps of Engineers website 
(http://www.hec.usace.army.mil/software/hec-ras/). The two examples that this report 
will be using are the Single Bridge-Example 2 and ConSpan Culvert Example, which 
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may be found by searching the default project folder where HEC-RAS data is stored. In 
the Single Bridge-Example 2 simulation a simpler procedure by which a flat roadway 
surface will be evaluated, and in the ConSpan Culvert Example a procedure will be 
developed by which barrier placement on a sloped roadway can be modeled. A sample 
screenshot showing the two examples is show below in Figure 7.2.  
 
 
Figure 7.2 – HEC-RAS Open Project Screenshot 
 
7.4 HEC-RAS SINGLE BRIDGE-EXAMPLE 2 
In the HEC-RAS Single Bridge-Example 2, a bridge with a level deck is used to 
show how a horizontal roadway surface might be modeled. The procedure was developed 
as part of TxDOT Research Project 0-5492 presented by Charbeneau et al (2008). The 
procedure that this report uses for this example, however, can also be used to model the 
flow through a culvert with a horizontal roadway surface, because when modeling both 
structures the pressure/weir method is utilized. Furthermore, an iterative approach is 
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necessary to solve this problem because as the weir coefficient changes so will the weir 
flow rate.  
In the procedure developed by Charbeneau et al. (2008) the non-dimensional 
rating curve will be used to determine the dimensional weir coefficient used in HEC-
RAS. In order to do this the general weir equation, Equation 7.1, can be transformed into 
a non-dimensional form, Equation 7.2. In Equation 7.1 (Q) is the flow rate over the weir, 
(C) is the dimensional weir coefficient, (L) is the length of the weir and (H) is the height 
over the weir. In Equation 7.2 the general equation has been algebraically transformed to 
be in terms of the non-dimensional flow rate and non-dimensional energy used in the 
rating curve and (Cw) has been given the subscript w to denote that it is the non-
dimensional coefficient. Furthermore, the energy upstream of the barrier (eu), which is 
the total energy minus the elevation of the deck, has been substituted for (H).  
 .        (7.1) 
 
.
      (7.2) 
By comparing the two equations it is possible to see that the relationship between the 
non-dimensional and dimensional coefficients is the square root of gravity. This 
relationship is shown below in Equation 7.3.  
        (7.3) 
In the report by Charbeneau et al. (2008) the following procedure is outlined to 




1. Run HEC-RAS with default weir coefficient C = 1.44 m0.5/s (2.6 ft0.5/s), 
and obtain the flow rate over bridge deck (weir flow, Qweir, provided by 
RAS). 
2. Nondimensionalize Qweir with length of bridge crest (L provided by RAS 
as difference between left and right weir stations) and barrier height, hr, 
using barrier of interest. 
3. Obtain dimensionless upstream specific energy for given dimensionless 
weir flow rate using rating curve from Figure 7.1. (Note: This can also be 
done by using the Enon Visual Basic script included in the Appendix) 
4. Determine dimensionless weir coefficient, Cw, using Equation 7.2. 
5. Determine dimensional RAS weir coefficient, C, using Equation 7.3. 
6. Re-run HEC-RAS with new weir coefficient C. 
7. Repeat steps 1 through 6 until RAS weir coefficient converges, typically 
within one percent relative error from the previous iteration. 
 
The first step in this procedure is to run a steady flow simulation in HEC-RAS using a 
weir coefficient of 2.6. Once this is accomplished, the Bridge Output screen (Figure 7.3) 
can be opened and the required values ascertained.  For this analysis, the values that are 





Figure 7.3 – HEC-RAS Bridge Output 
The critical values for subsequent iterations are shown in Table 7.1. With these 
values, Steps 1 and 2 can be accomplished. For the analysis done in this memo, Step 3 
was then completed by using the Enon function in Excel to calculate the non-dimensional 
energy predicted by the rating curve (value = 1.209). Now that the non-dimensional 
energy and non-dimensional flow rate have been calculated, Equations 7.2 and 7.3 can be 
used to calculate a new value for the HEC-RAS weir coefficient of 0.272. Table 7.2 
below shows the results of this procedure for the seven iterations necessary in order for 
the weir coefficient to converge. By comparing the upstream energy (eu) in the last 
iteration to that computed in the initial HEC-RAS run with a weir coefficient of 2.6, it is 
possible to conclude that placing the barrier on the bridge surface will result in an 





Table 7.1 –  HEC-RAS Initial Summary 
C 2.6 
High Chord (ft) 216.93 
U.S. Eu (ft) 217.68 
U.S. eu (ft) 0.75 
Qweir (cfs) 3058.45 
L (ft) 1848.12 
 
 
3Table 7.2 – Single Bridge-Example 7 Iterations 
Iterations 
1 2 3 4 5 6 7 
(Step 1) Qweir (cfs) 3058.45 1767.03 1446.91 1329.54 1283.56 1258.47 1247.43 
L (ft) 1848.12 1849.16 1849.44 1849.54 1849.59 1849.61 1849.62 
(Step 2) Q/L(ghr
3)0.5 0.064 0.037 0.030 0.028 0.027 0.026 0.026 
(Step 3) eu/hr 1.209 1.131 1.108 1.099 1.096 1.093 1.093 
eu (ft) 3.325 3.111 3.047 3.023 3.013 3.007 3.006 
(Step 4) Cw 0.048 0.031 0.026 0.024 0.023 0.023 0.023 
(Step 5) C (ft0.5/s) 0.272 0.174 0.147 0.137 0.133 0.130 0.129 
 
 The final weir coefficient C = 0.129 ft0.5/s will likely appear too small.  Typical 
weir coefficient values for use with Eq. (7.1) range from 2.5 to 3.1 (US Customary units), 
with the HEC-RAS default value C = 2.6.  The apparent difficulty lies primarily with 
choice of datum.  Standard application of HEC-RAS would take the top of the rail or 
barrier as the upper chord of the bridge.  For this example with hr = 2.75 ft, the high 
chord would be 216.93 + 2.75 = 219.68 ft.  The head on this high chord corresponding to 
the final eu value is H = eu – hr = 0.256 ft.  With the default weir coefficient, this standard 
application would give a weir discharge Qweir = C L H
1.5 = 2.6 x 1850 x (0.256)1.5 = 620 
cfs, which is approximately half the magnitude calculated in this example.  In order for a 
standard application of HEC-RAS to provide the results presented herein, a weir 
coefficient value C = Qweir/[L H
1.5] = 5.21 would need to be used, which is significantly 
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larger than the expected range of values.  Based on this discussion it is concluded that a 
standard application of HEC-RAS will predict a larger upstream headwater (when typical 
weir coefficient values are used). 
7.5  HEC-RAS CONSPAN CULVERT EXAMPLE 
In this section, the procedure for solving the weir coefficient necessary to 
simulate placement of the CSB(1)-04 TCTB in the Single ConSpan Culvert Example will 
be presented. The main difference between this and the previous example is that the 
roadway is not flat and energy over the roadway is used to determine flow rate, rather 
than using the weir flow rate to determine the energy Similar to the Single Bridge-
Example 2 procedure, this example uses an iterative approach in order to balance the 
flow rate and water elevation calculated in HEC-RAS with the values that are obtained 
using the data from the rating curve.   
 
7.5.1  HEC-RAS Example Modifications 
 In the ConSpan Culvert Example a single barrel Conspan arched pipe is used to 
transmit water from one side of the roadway to the other. One modification is necessary 
to this example problem to ensure that weir flow is developed. The example problem 
comes preloaded with flow data corresponding to the 5, 10, 25, and 50 year floods. The 
greatest flow rate, which is 1000 cfs (50 year flood) doesn’t result in water overtopping 
the roadway. For the example presented in this memo, a value of 2000 cfs was entered for 
the 50 year flood, which caused the water level to rise above the height of the roadway. 
An example screenshot of the modifications to the steady state flow data is shown in 





Figure 7.4 – HEC-RAS Example Flow Alteration 
7.5.2  ConSpan Culvert Procedure 
As stated earlier, in order to solve for the weir coefficient that describes the flow 
over a roadway with barriers, an iterative procedure must be used. The first step in this 
procedure is to obtain the flow rate over the roadway as if the barrier were not there. This 
is done by performing a steady flow simulation in HEC-RAS with the weir coefficient 
initially set to the recommended value of 2.6 (Note: This should be the default value 
already entered in the Conspan example.). After this analysis is completed, the culvert 
output table can be opened and the values needed for the subsequent calculations can be 
garnered. The culvert output for this analysis is presented below as Figure 7.5. The values 
that are of most importance in this table are: weir flow (Q Weir), the left and right limits 





Figure 7.5 – ConSpan Culvert Output (C=2.6) 
 
With these numbers it is then possible to perform the first iteration. In order to do 
this we must first approximate the roadway as a series of horizontal crested weirs. This is 
because the equation that describes the flow over a weir is based on flow over a 
horizontal surface; however, the roadway is sloped. For this example problem the 
roadway was broken into 5 equal length weirs, with outside of the outmost left and right 
weirs placed at the Weir Sta Lft and Weir Sta Rgt locations. Furthermore, the elevation of 
each weir approximation was taken to be the average of the left and right roadway 
elevations of each weir segment.  Figure 7.6 below, shows the roadway cross-section, the 
weir approximation and the U.S. E.G. for the first analysis with the Weir Coefficient (C) 





Figure 7.6 – Weir Approximations 
 
Now that the roadway has been approximated as a set of horizontal weirs the 




1. Calculate the energy (e) over each section by subtracting the ith weir 
elevation (W.E.)i from the U.S. E.G (Column 1 Table 7.3).  
2. The next calculation (Column 2 Table 7.3) is then to convert this energy to 
the non-dimensional form used in the rating curve by simply dividing by 
the height of the barrier (hr).  
3. With the non-dimensional energy over each weir and the rating curve, it is 
then  possible to find the non-dimensional flow (Column 3 Table 7.3) 
over each weir (Note: This can be done by simply interpolating from 
Figure 7.1 or by using the visual basic script provided in the Appendix).  
4. Next, the flow rate (Column 4 Table 7.3) over each weir segment can be 
calculated by simply solving for the actual flow rate (Q) through 
substituting the known values (see appendix for values) into the non-







5. Furthermore, a dimensional weir coefficient (Column 5 Table 7.3) can be 
calculated for each weir segment by rearranging the weir equation 
(Q=CLH1.5, where H equals the energy (ei) over the weir).  
6. Finally, the value of the weir coefficient for the next iteration can be 




An example of this calculation done in Excel is shown below in Table 7.3. It 
should be noted that the total weir flow rate (summation of column 4) is equal to 31.78 
cfs, and that this value is less than 771.25 cfs, which was reported by HEC-RAS. The 
purpose of the subsequent iterations will be to determine a weir coefficient that 
accurately models the flow past the barrier based on the rating curve with a flow rate 






Table 7.3 – ConSpan Calculations in Excel (1st Iteration) 
(1) (2) (3) (4) (5) 
  X-SECT X-SECT 




STA Elev. LT Elev.RT 
Avg 
Elev ei ei/hr qnon Q C 
  (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft/ft) (cfs) (ft0.5/s) 
L1  43.3 876.8 920.2 35.67 34.80 35.24 0.41 0.151 0.003 3.18 0.274 
L2  43.3 920.2 963.5 34.80 33.85 34.33 1.33 0.482 0.007 7.47 0.113 
L3  43.3 963.5 1006.8 33.85 33.80 33.83 1.83 0.664 0.008 8.99 0.084 
L4  43.3 1006.8 1050.2 33.80 34.50 34.15 1.50 0.545 0.007 8.04 0.101 









7.5.3   ConSpan Second Iteration 
The procedure for the second iteration is the same as what was done in the first 
iteration with the exception that the weir coefficient used in HEC-RAS should now be set 
equal to 0.161. If this value is used, a culvert output similar to Figure 7.7 will be 
obtained. Using these values and the procedure employed in the first iteration, a new weir 
coefficient value of 0.265 should then be attained along with a total flow rate of 515.14 
cfs. An example of the calculations completed for the second iteration is shown below in 
Table 7.4.  
 
 




Table 7.4 – ConSpan Calculations in Excel (2nd Iteration) 
(1) (2) (3) (4) (5) 
  X-SECT X-SECT 




STA Elev. LT Elev.RT 
Avg 
Elev ei ei/hr qnon Q C 
  (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft/ft) (cfs) (ft0.5/s) 
L1  58.8 856.0 914.8 36.10 34.80 35.45 2.4 0.87 0.009 14.21 0.065 
L2  58.8 914.8 973.6 34.80 33.90 34.35 3.5 1.27 0.090 136.65 0.355 
L3  58.8 973.6 1032.4 33.90 33.70 33.80 4.1 1.47 0.191 290.89 0.607 
L4  58.8 1032.4 1091.2 33.70 35.70 34.70 3.2 1.15 0.041 62.91 0.191 
L5  58.8 1091.2 1150.0 35.70 37.20 36.45 1.4 0.51 0.007 10.47 0.108 
  Avg C 0.265 




7.5.4  ConSpan Results 
A graph of the results of the first four iterations is presented below in Figure 7.8. 
After four iterations it can be seen that a solution converges around a weir coefficient 
value of 0.246. At this value the flow rate and water elevations developed in HEC-RAS 
and by the rating curve produce similar results. The final flow rate over the roadway and 
the upstream energy can then be calculated by inserting a value of 0.246 for the weir 
coefficient in HEC-RAS. The result is a flow rate of 311.07 cfs and an upstream energy 
at the barrier of 37.51 ft. The original flow rate calculated without the barrier placement 
was 771.25, and the upstream energy was 35.65 ft.  By placing the barrier, the flow rate 
over the roadway will then decrease by 460.18 cfs and the upstream energy will increase 





Figure 7.8 – Plot of Calculated Flow Rates vs. Weir Coefficients 
 
7.5.5  Conclusions 
This chapter has shown that it is possible to modify the weir coefficient value in 
HEC-RAS in order to hydraulically model the placement of a concrete traffic barrier on 
the roadway surface. To do this, an iterative procedure must be used. Two example 
problems, the Single Bridge-Example 2 and ConSpan Culvert have been demonstrated 
with the Concrete Safety Barrier (CSB(1)-04) in this memo. In the Single Bridge-
Example 2 procedure an increase in the upstream energy of 2.25 ft and a decrease in the 
weir flow rate of 1811.02 cfs occurred as a result of barrier placement. Furthermore, 
through the ConSpan example it can be seen that placing the barrier on the roadway will 






Summary and Conclusions 
 
8.1 PROBLEM SUMMARY 
Temporary Concrete Traffic Barriers (TCTBs) are essential in order to protect the 
traveling public from entering potentially hazardous locations. To do their job well, a 
large mass and low center of gravity is needed to resist the energy of a vehicular impact. 
To maximize these two attributes barriers need to be constructed with the smallest 
possible drainage opening. This is because the drainage openings, which are located at 
the bottom of a barrier, decrease the total mass and shift the center of gravity higher. This 
then leads to barrier designs with small drainage openings. If a barrier is then placed in a 
location where flooding is an issue, the barrier could impact the local floodplain elevation 
due to the barrier acting as an obstruction to flow. This report explores how this impact is 
quantified by developing a hydraulic rating curve for four different barriers and providing 
an example of how barrier placement can be modeled in the hydraulic modeling software 
HEC-RAS.   
 
8.2 CONCLUSIONS 
Four main objectives were identified at the beginning of this research. The first 
was the development of a rating curve that sufficiently describes the relationship between 
upstream energy and flow rate under conditions where there is no downstream 
submergence and no clogging of the drainage opening. This research has resulted in the 
development of a rating curve for four standard TCTBs: the SSCB, SSCB-SPL, CSB, and 
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LPCB. To accomplish this, modeling was performed based on previous research 
presented by Charbeneau et al. (2008). This model proved to fit the experimentally 
derived data quite well, but is limited to modeling barriers in which experimental data has 
been obtained. This is because the model equations contain three coefficients which can 
only be obtained through fitting the model to the data.  
The second objective was to determine the effect that downstream submergence 
will have on the rating curves. To accomplish this goal two models were utilized, both of 
which are presented by Charbeneau et al. (2008): the Villemonte Model and the 
Empirical Model. Both models require physical modeling in order to derive a single 
coefficient term. The Villemonte Model, which is an adaptation from earlier research 
(Villemonte, 1947), is independent of the flow rate. The Empirical Model developed in 
the paper by Charbeneau et al. (2008), however, is dependent on the flow rate. Both 
models have similar accuracy, with the Villemonte Model being the easiest and most 
straightforward to use. Therefore, when modeling the effect of submergence for the four 
barriers selected in this research, the Villemonte Model is the clear choice to be used.  
The third objective of this research was to assess the effect that clogging of the 
drainage opening will have on the rating curve. Before any research was conducted, it 
was hypothesized that a simple change to the fraction of open space (Fo) in the rating 
curve model equations would result in the modeling of a barrier with varying degrees of 
clogging. This is because the Fo describes the area of the drainage opening, and when the 
drainage opening becomes clogged this number will be reduced. To test this hypothesis, 
the MSSCB was fitted with a device that allowed the area of the drainage opening to be 
adjusted. Two scenarios were tested, one with the barrier’s drainage opening 75% 
clogged and the other with it 50% clogged. This research showed that when the Fo was 
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adjusted to represent the two clogged conditions the model fit the experimental data quite 
well. This now allows for the prediction of a rating curve for varying amounts of 
clogging by simply manipulating the Fo in the model rating curve equations.  
The fourth and final objective of this research was to develop a procedure by 
which the TCTB rating curve data could be used in the hydraulic modeling software 
HEC-RAS, in order to model the placement of barrier on a roadway surface. To 
accomplish this, two example problems were considered. The first consists of a flat 
roadway surface and the second is a roadway with a vertical curve. In order to solve these 
problems the weir coefficient that HEC-RAS uses as part of the pressure/weir method can 
be altered in order simulate the placement of a barrier on the roadway.  
The flat roadway example was developed as part of the research by Charbeneau et 
al. (2008). In this first example, the weir flow rate can be used with the rating curve to 
determine the energy upstream of the barrier. This then makes possible the calculation of 
a new weir coefficient to be input in HEC-RAS. The flat roadway problem is much easier 
to solve than the vertical curve problem, because the roadway does not have to be 
approximated as a series of horizontal weirs. The horizontal weir approximation is 
necessary when dealing with a vertical curve, because the water depth over the roadway 
surface changes as the roadway elevation changes. Therefore, horizontal weir 
approximations must be used to calculate the energy over each approximation. With the 
energy over each weir approximation and the rating curve, a flow rate can be obtained for 
each approximation and a new average weir coefficient calculated as an input to HEC-
RAS. This research has shown through these two examples that it is possible to modify 
the weir coefficient in HEC-RAS in order to simulate the placement of a barrier on either 










fo=fraction of open space 
a=hrl/hr 
cb=horizontal contraction coefficient 
cc=vertical contraction coefficient 




















A.2 ENON (NON-DIMENSIONAL ENERGY) VISUAL BASIC SCRIPT 
 
 
Function Eguess(Q, fo, a, cb, cc, cd) 
    If Q < cb * cc ^ 1.5 * fo * Sqr(a) Then 
        Eguess = 1.5 * (Q * a / (cb * fo)) ^ (2 / 3) 
    Else 
        Eguess = ((Q / (cb * cc * fo)) ^ 2) / 2 + cc * a 
    End If 
     
End Function 
 
Function Enon(Q, fo, a, cb, cc, cd) 
   Eps = 0.0001 
   Q_t = 0# 
 
   Emax = Eguess(Q, fo, a, cb, cc, cd) 
   emin = 0# 
    
   Do While Abs(Q - Q_t) > Eps 
      etest = (Emax + emin) / 2 
      Q_t = Qnon(etest, fo, a, cb, cc, cd) 
      If Q_t < Q Then 
         emin = etest 
      Else 
         Emax = etest 
      End If 
   Loop 
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